Abstract-Raman amplifiers based on photonic crystal fibers, whose cross section can be designed to enhance the nonlinear properties, have been investigated in this work. The use of multiple pumps is studied in order to flatten the amplifier gain spectrum, by varying their number, power, and wavelength, yielding a flatness as low as 0.5 dB in the wavelength range between 1540 and 1572 nm.
Multipump Flattened-Gain Raman Amplifiers
Based on Photonic-Crystal Fibers
I. INTRODUCTION

M
ODERN optical network design is faced with the necessity to better support existing and upcoming multimedia broad-band Internet services, providing higher transmission bandwidth. In this frame Raman amplifiers (RAs) have become important due to their ability to provide gain at any wavelength and low noise figures, that can be obtained by employing multipumping schemes and distributed fiber amplification [1] , [2] . The effect by which an RA provides gain is the inelastic nonlinear stimulated Raman scattering, which can be exploited to transfer the energy of an optical signal to a higher-wavelength one.
It has been already shown that photonic-crystal fibers (PCFs), compared with conventional single mode fibers, can be designed very flexibly to enhance nonlinear effects, by proper choice of the lattice parameters, that is the center-to-center air-hole spacing, or pitch , and the ratio between hole diameter and pitch. Theoretical studies have recently been performed on highly nonlinear holey fibers [3] and germania-doped triangular PCFs [4] , while experimental demonstrations include continuous-wave pumped Raman lasers [5] and -band RAs [3] , showing the potential of PCFs in obtaining high Raman gain efficiency.
In this letter, a broad-band approach has been applied to an ultralow loss PCF [6] to provide, for the first time, a preliminary investigation of multipump RA performance when PCFs are considered. The attention is focused on multipump schemes, as the spectral flexibility of Raman amplification allows to obtain broad-band amplification by combining multiple pump wavelengths. In particular, by using the superposition rule proposed in [7] , the wavelengths and the power levels of the Raman pumps can be optimized and, for example, amplifiers with gain bandwidths greater than 100 nm have been already demonstrated by using conventional fibers [8] . Simulation results with PCF-RA have shown that, by using a total pump power of 1 W split over six different wavelengths, a flatness as low as 0.5 dB can be obtained in the wavelength range between 1540 and 1572 nm.
II. MODEL
An accurate model has been used to calculate the Raman gain coefficient [4] and to solve the Raman propagation equations [9] , investigating the performances of PCF-RAs. The Raman gain coefficient spectrum , which is a fundamental input parameter to the Raman propagation equations, has been precisely evaluated with regard to its dependence on the PCF cross section structure and materials, such as the silica bulk and the germania that can be added in the central region of the transverse section [4] . The Raman gain coefficient in PCFs can be calculated by accurately determining the overlap between the different materials and the intensity profiles of the signals involved in the stimulated Raman scattering (SRS) process, using a full-vector solver based on the finite-element method [4] . The analysis of the Raman fiber amplifier performances is based on a set of propagation equations, which describe the forward and backward power evolutions along the fiber of pumps, signals, noise, and signal Rayleigh backscattering [9] . The model includes the SRS and its amplification, the spontaneous Raman emission and its temperature dependence, the Rayleigh backscattering, the fiber loss, and the arbitrary interaction within pumps, signals, and noise from either propagation directions. The model also permits us to study the substantial impact of background losses on the gain and noise performances of PCF-RAs [10] .
III. RESULTS
The PCF considered to study the RA has m and [6] . The fiber has been selected being an ultralow-loss PCF whose background loss spectrum is reported in Fig. 1 . Note that the fiber has not been specifically designed for nonlinear applications. However, the hole distribution allows the field to be considerably focused within the solid core, thus giving a Raman gain coefficient, also reported in Fig. 1 , which has a maximum calculated value of 2.06 (W km) . The PCF-RA considered is characterized by a 40-channel input WDM spectrum extended between 1540.4 and 1571.6 nm, with a frequency separation of about 100 GHz and an input power of 20 dBm per channel. After several simulations, the fiber length has been chosen equal to 9 km, lower than the real drawn fiber length of 10 km [6] . Different pumping configurations have been considered, varying the number of pumps, their wavelength, and the power associated with each one. First, schemes with two, three, and five pumps have been simulated, with constant total pumping power of 1 W and constant wavelength spacing of 10 nm. The simulated schemes present two pumps at 1450 and 1460 nm, three pumps at 1440, 1450, and 1460 nm, and five pumps at 1430, 1440, 1450, 1460, and 1470 nm. The calculated gain spectra are shown in Fig. 2 , together with the gain curve obtained for a single pump at 1450 nm for comparison purposes. Notice that by adding the second pump at 1460 nm the gain increases for wavelengths above 1550 nm, reaching a maximum value of 13.6 dB at 1560 nm. Increasing the number of pumps lowers the peak gain but flattens the gain spectrum, reaching a maximum value of 8.5 dB at 1560.4 nm with a minimum of 6.9 dB at 1571.6 nm in the five-pump scheme. Though this is the best case so far, the gain ripple results about 1.6 dB in the considered signal wavelength range. It is interesting to compare these results with those providing the optimum flatness over the -band [7] when using two pumps, that is 1428 and 1455 nm. The curve obtained, respectively, with 548-and 452-mW pump powers and labeled as 2 pumps bis in Fig. 2 , is very flat, with ripples lower than 0.5 dB, but the maximum gain is just around 5.5 dB. By properly changing the power levels it can be increased up to 7 dB, to the detriment of the flatness profile whose ripples exceed 1 dB.
To achieve better performances, still keeping fixed the total amount of power launched into the fiber, an amplifier using six pumps has been considered with a number of different wavelength configurations. The wavelengths of the first pumps, that is , and , have been fixed while and have been varied in the ranges 1445-1458 nm, and 1464-1466 nm, respectively. The total optical power of is evenly divided among the six pumps. As shown by the spectra of the first four schemes reported in Fig. 3 , by progressively up-shifting wavelength while fixing to 1464 nm, the gain spectrum is raised only in the high wavelength range. In fact, while in Scheme 1 the gain difference over the full range is almost 2 dB, the gain ripple lowers to about 0.5 dB in the reduced ranges 1540-1564 nm and 1540-1567 nm for Schemes 2 and 3, respectively. By further raising in Scheme 4, a gain ripple of 0.84 dB has been obtained for all the signal wavelengths considered. Moreover, by choosing a higher value of 1466 nm for in Scheme 5, the gain performance is only slightly influenced, showing a peak of 7.7 dB around 1564 nm, while the flatness improves to 0.76 dB.
Since the pump interaction with the signals depends on the pump spectral separation, in particular since pumps with longer wavelengths mainly interact with longer wavelength signals, unequal power allocation between pumps can improve the PCF-RA gain flatness. On the other hand, signals with shorter wavelengths typically receive gain contributions more uniformly from all the pumps. Several simulations have been, thus, performed by distributing the power unevenly among the pumps, while keeping the total power equal to , to obtain a gain spectrum as flat as possible with the wavelength distributions of Schemes 1 and 3. The best gain spectra obtained are shown in Fig. 4(a) and (b) and the corresponding power distributions are reported in Table I . Notice that high pump power should be supplied at wavelengths near or higher than 1460 nm, that is at wavelengths and , in order to increase the gain at higher signal wavelengths with respect to the even power distribution. Moreover, Pump 1 should also be allocated a high power share as it is the pump wavelength that suffers highest background losses (see Fig. 1 ). As a consequence, in the considered cases , and almost always account for more than two thirds of the total pump power. One important criterion in the design of PCFs for RAs is, thus, the reduction of the OH-peak which considerably reduces the low-wavelength pump efficiency. Table I .
TABLE I PUMP POWERS FOR SELECTED PUMPING SCHEMES
All the spectra belonging to Scheme 1, shown in Fig. 4(a) , have peaks at 1549 and 1562 nm, with a maximum gain of 7.2 dB for the latter wavelength using power distribution 2. However, for all the considered configurations the gain ripple is between 0.5 and 0.65 dB. The effect of up-shifting the wavelength is apparent in the spectra belonging to Scheme 3, shown in Fig. 4(b) . Notice that all the curves exhibit a peak gain at 1564 nm. In particular, with power distribution 4, the maximum gain is 8.8 dB, but the gain ripple increases to about 1.8 dB. A substantial decrease of while increasing , as in power distributions 2 and 3, flattens the gain ripple to 1.3 dB, but lowers the peak gain to about 8 dB. As a consequence, from the flatness profile point of view, the optimal pump configuration is number 3 in Table I , being the gain flatness in this case lower than 0.5 dB.
Finally, notice that the 40 channels so far considered cover -band and a small part of -band. If only channels located in the -band, from 1590 to 1622 nm, are considered, a much higher gain is obtainable. Simulation results have shown that a mean gain higher than 13.5 dB with a ripple lower than 0.6 dB can be obtained in -band with six pumps at 1475, 1482, 1490, 1505, 1510, and 1520 nm, with power allocations of 210, 150, 100, 150, 200, and 190 mW, respectively. It is interesting to underline that in the -band a much higher gain is obtained with the same total power because the losses at the higher pump wavelengths are more that halved in comparison with the losses near 1430 nm, where the first pump wavelength for the -band is located.
IV. CONCLUSION
An accurate model for the study of Raman amplification has been applied for the first time in order to investigate PCF-based RA performance. Various pump wavelengths and power distributions have been considered with the aim to reduce the gain spectrum ripple as much as possible. A gain ripple lower than 0.5 and 0.6 dB has been obtained in the -and -band, respectively, with six pumps and a total pump power of 1 W. It is authors' belief that by further reducing the background losses and in particular the OH-peak, which strongly affects the low-wavelength pump efficiency, PCFs could be fully exploited for Raman amplification. Well-known cross section design oriented to focus the field distribution, in fact, could be successfully applied to further enhance their nonlinear properties with respect to conventional fibers.
